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TITLE OF THE INVENTION 
TILTABLE-BODY APPARATUS, AND METHOD OF FABRICATING THE SAME 

5 

BACKGROUND OF THE INVENTION 
Field of the Invention 
If [0001] The present invention relates to a tiltable-body apparatus with 

O a tiltable body which can be reciprocally tilted about a twisting 

W 10 longitudinal axis, such as micro-sensors for sensing mechanical amounts, 

? :: 

13 micro-actuators, and optical micro-scanners, and a method of fabricating 

* the tiltable-body apparatus. 

Ill Description of the Related Background Art 

y [0002] It is well known that surface forces become more dominant than 

fy 15 volume forces as the size of mechanical elements decreases and the 
influence of friction thus increases in such machines more than in 
normal ly-sized machines. Accordingly, in designing micro-machines, it is 
generally necessary to consider the reduction of the number of sliding 
portions and rotating portions as much as possible. 
20 [0003] A conventional optical scanner with a tiltable body oscillating 
about a twisting longitudinal axis will be described. Fig. 1 illustrates 
the optical scanner disclosed in United States Patent No. 4,317,611. Fig. 
2 illustrates a disassembled view of this optical scanner to clearly show 
its internal structure. Figs. 3 and 4 illustrate cross sections of a 
25 silicon thin plate 2020 taken along lines 2003 and 2006 in Fig. 1, 
respectively. 

[0004] In the above optical scanner, a recess 2012 is formed in a 
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substrate 2010 of an insulating material. A pair of driver electrodes 2014 
and 2016 and a mirror support portion 2032 are provided on the bottom of 
the recess 2012. A pair of torsion bars 2022 and 2024 and a mirror 2030 
are integrally formed in the silicon plate 2020. An upper surface of the 
5 mirror 2030 is coated with a highly-reflective material, and the mirror 
2030 is rotatably supported by the torsion bars 2022 and 2024. The si 1 icon 
plate 2020 is disposed above the substrate 2010 with a predetermined 
distance between the si 1 icon plate 2020 and the driver electrodes 2014 and 
2 2016 being set as illustrated in Fig. 3. 

Nj 10 [0005] The silicon plate 2020 is electrically grounded. A voltage is 

W alternately applied to each of the driver electrodes 2014 and 2016 to 

w 

J" attract the mirror 2030 by an electrostatic force. The mirror 2030 is thus 

Q tilted about the longitudinal axis of the torsion bars 2022 and 2024. 

Ill 

I** [0006] The cross section of the torsion bars 2022 and 2024 has a shape 

□ 15 of trapezoid as illustrated in Fig. 4. In a microstructure with such 

I'll 

torsion bars, however, since the torsion bar is likely to bend in a 
direction perpendicular to its longitudinal axis, the microstructure can 
be easily affected by external vibrations and the longitudinal axis of the 
torsion bar can be easily shifted. Accordingly, it is difficult to attain 

20 an accurate driving in such a microstructure. 

[0007] Therefore, when the above optical scanner is used in an optical 
scanning type display, its image and spot profile are likely to shift and 
vary due to the external vibrations. This disadvantage increases when the 
scanning type display is constructed in a small portable form. 

25 [0008] The following structure has been proposed to solve the 
above-discussed disadvantage of the torsion bar. Fig. 5 illustrates a 
gimbal plate 2120 for a hard disc head disclosed in "10th International 
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Conference on Sol id-State Sensors and Actuators (Transducers '99) 
pp. 1002-1005". This gimbal plate 2120 is mounted on a tip portion of a 
suspension for the hard disc head so that rolling and pitching motions of 
a magnetic head are flexibly allowed. The gimbal plate includes a support 
5 frame 2131 which is rotatably supported by rolling torsion bars 2122 and 
2124. There is also arranged inside the support frame 2131 a head support 
2130 rotatably supported by pi tching torsion bars 2126 and 2128. Twisting 
axes (indicated by dot-and-dash lines in Fig. 5) of rolling torsion bars 

O 2122 and 2124 and pitching torsion bars 2126 and 2128 are orthogonal to 

u 

M 10 each other, and hence, those torsion bars can achieve rolling and pitching 

y motions of the head support 2130. 

a p [0009] Fig. 6 is a cross-sectional view taken along a line 2106 of Fig. 

Q 5. As illustrated in Fig. 6, the cross section of each of the torsion bars 

m 

|I 2122 and 2124 is T-shaped, and the gimbal plate 2120 has a structure with 

A 15 ribs. 

it'll 

[0010] A fabrication method of the above gimbal plate 2120 will be 
described with reference to Figs. 7A to 7E. As illustrated in Fig. 7A, 
initial ly, a si 1 icon wafer 2191 for molding is perpendicularly etched using 
an etching method such as ICP-RIE (Inductively Coupled Plasma-Reactive Ion 

20 Etching). The silicon wafer 2191 for molding can be re-used. A 
sacrificial layer 2192 of silicon oxide and phosphosi 1 icate glass is then 
deposited on the si 1 icon wafer 2191, as illustrated in Fig. 7B. After that, 
a poly-si 1 icon layer 2193, which is to be the structure of the gimbal plate 
2120, is formed as illustrated in Fig. 7C. The poly-si 1 icon 2193 is then 

25 patterned as i 1 lustrated in Fig. 7D. Finally, the sacrificial layer 2192 
is removed, and the poly-silicon layer 2193 is bonded to a patterned pad 
2195 with an epoxy resin 2094, as illustrated in Fig. 7E. 
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[0011] The thus-fabricated torsion bar with the T-shaped cross section 
has the feature that its geometrical moment of inertia I is large while 
its polar moment of inertia J is relatively smal 1, in contrast to a torsion 
bar having a circular or rectangular cross section. Therefore, the above 
torsion bar is relatively easy to twist while hard to bend. That is, this 
torsion bar has a sufficient compl iance in a twisting direction and a high 
rigidity in a direction perpendicular to the twisting axis. 
[0012] Further, in the above T-shaped torsion bar, the length for 
obtaining necessary compliance and permissible twisting angle is small, 
and hence, the torsion bar can be made compact in size. 
[0013] Thus, a compact micro-gimbal plate with sufficient compliance 
in rolling and pitching directions and sufficient rigidity in other 
directions can be obtained. 

[0014] However, the above-discussed microstructure has the following 
disadvantages. 

[0015] L In the torsion bar with the T-shaped cross section, a stress 
concentration is 1 ikely to occur at aportion 2150 of Fig. 6 when the torsion 
bar is twisted. Accordingly, the torsion bar is easy to break. 
[0016] 2. When the torsion bar with the T-shaped cross section is used, 
a twisting center of the torsion bar deviates from a center of gravity of 
the tiltable body. This phenomenon will be described with reference to 
Figs. 8 and 9. Fig. 8 illustrates a T-shaped torsion bar 2922 one end of 
which is fixed and the other end of which supports a tiltable body 2930. 
Fig. 9 illustrates a side of the torsion bar 2922 viewed from a direction 
of view indicated by an arrow in Fig. 8. As illustrated by arrows in Fig. 
9, since the twisting center of the T-shaped torsion bar 2922 deviates from 
the center of gravity of the tiltable body 2930, a vibratory force occurs 



in a direction perpendicular to the twisting longitudinal axis when the 
tiltable body 2930 is tilted. This causes unwanted noises in 
micro-sensors for mechanical amounts, unnecessary actions in 
micro-actuators, and deflection shifts of light in micro-opt ical scanners. 
[0017] 3. Internal loss of poly-silicon is larger than that of single 
crystal silicon. Accordingly, a mechanical Q-value of the poly-silicon 
is relatively small. The vibration amplitude cannot hence be increased 
when the tiltable body is driven by employing its mechanical resonance. 
Further, its energy efficiency is small since the driving loss is large. 

SUMMARY OF THE INVENTION 
[0018] It is an object of the present invention to provide a 
t i ltable-body apparatus with good strength and performance including a 
tiltable body which can be reciprocally tilted about a twisting 
longitudinal axis, such as micro-sensors for sensing mechanical amounts, 
micro-actuators, and optical micro-scanners, and a method of fabricating 
the ti ltable-body apparatus. 

[0019] The present invention is generally directed to a ti ltable-body 
apparatus including a frame member, a tiltable body, and a pair of torsion 
springs having a twisting longitudinal axis. The torsion springs are 
disposed along the twisting longitudinal axis opposingly with the ti 1 table 
body being interposed, support the tiltable body flexibly and rotatably 
about the twisting longitudinal axis relative to the frame member, and 
include a plurality of planar portions, compliant directions of which 
intersect each other when viewed along a direction of the twisting 
longitudinal axis. A center of gravity of the tiltable body is positioned 
on the twisting longitudinal axis of the torsion springs. This structure 
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can provide a spring structure which can be readily twisted, but is hard 
to bend. Further, no unwanted vibratory force occurs in a direction 
perpendicular to the twisting longitudinal axis when the til table body is 
tilted. 

5 [0020] More specif ical ly, the fol lowing construct ions can be preferably 
adopted based on the above fundamental construction. 
[0021] The tiltable body can be a planar tiltable body, and at least 
one of the planar portions of the torsion springs extends slant to the 
U: planar tiltable body. Due to this structure, the torsion spring can be 

© 10 easily made difficult to bend in directions perpendicular to and parallel 
y to the planar tiltable body. 

[0022] The cross-sectional shape of each torsion spring perpendicular 
to the twisting longitudinal axis can be made 90-degree or 180-degree 
rotational ly symmetric, and each torsion spring can be composed of a 
15 plurality of planar portions. This structure can provide a spring 
structure which can be further readily twisted, but is harder to bend. 
[0023] Each torsion spring can be composed of a plurality of separate 
planar portions, longitudinal axes of which are set parallel to each other, 
and compliant directions of which intersect each other when viewed along 
20 the direction of the twisting longitudinal axis. Due to this structure, 
the separate planar portions reinforce each other such that the entire 
structure can have a high flexural rigidity and no vibratory forces 
perpendicular to the twisting longitudinal axis occurs at the ti lting time. 
Further, since each planar portion has a simple cross section and separate, 
25 no great stress concentration occurs and the structure is drastically hard 
to break. 

[0024] The cross-sectional shape of each torsion spring perpendicular 
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to the twisting longitudinal axis can be made symmetric with respect to 
a plane including the twisting longitudinal axis. This structure also can 
provide a spring structure which can be further readily twisted, but is 
harder to bend. 

5 [0025] The torsion springs can be formed of a single crystal material, 
such as single crystal silicon and quartz. In such a structure, its 
internal loss can be reduced, and a high energy efficiency can be attained. 
U: Further, a structure with a large mechanical Q-value can be achieved. The 
S single crystal silicon is readily available, and excellent in mechanical 
J* 10 characteristics (i.e., physical strength and durabi 1 ity are great, life 
S{ is long, and specific gravity is small). When a (100) single crystal 
silicon is used, slant surfaces of the torsion springs can be readily 
j:| achieved by (111) faces thereof. 

r; [0026] Typ ically, the frame member, the til table body, and the torsion 

W 

£3 15 springs-are integral ly formed from a substrate of a single crystal material, 
such as single crystal silicon and quartz, by etching or the like. 
[0027] The torsion springs can be formed by anisotropically etching the 
(100) single crystal silicon substrate, and slant surfaces of the torsion 
springs can be achieved by (ill) faces of the single crystal silicon 

20 substrate. In this case, faces, relative to the (100) substrate face, of 
a root portion of each torsion spring, which connect to the silicon 
substrate, can be (ill) faces of the single crystal silicon substrate. 
These torsion springs are hard to break since the (111) face is smoothly 
formed with high precision. Further, stress concentration to the root 

25 port ion can be reduced, leading to an increase in rel iabi 1 i ty of the torsion 
springs. 

[0028] The torsion springs can be formed by using a planar substrate, 



7 



such as a si 1 icon substrate, and performing a deep etching such as ICP-RIE. 
In this case, each torsion spring can be defined by faces perpendicular 
to the planar frame member and faces parallel to the planar frame member. 
[0029] The cross section of each torsion spring perpendicular to the 
5 twisting longitudinal axis can have a shape of one of V, reversed-V, X, 
slash, broken-V, broken-reversed-V, crisscross, broken-crisscross, H, 
broken-H, N, and angular S. 

[0030] Cross sections of the two torsion springs, which are opposingly 
£3 arranged with the tiltable body being interposed, may be either the same, 

SI 10 or different (see Figs. 17A and 17B, for example). 

y [0031] Cross sections of the torsion springs perpendicular to the 

a p twisting longitudinal axis can be different and symmetric with each other 

Q with respect to a plane including the twisting longitudinal axis, or with 

it 

y> respect to a plane including the twisting longitudinal axis and parallel 

q 15 to the planar tiltable body. In this structure, compliant directions of 

fin 

the torsion springs opposingly arranged with the tiltable body being 
interposed differ from each other, so that the spring structure can be 
readi ly twisted, but is hard to bend. Further, unnecessary modes of motion, 
and adverse influences of external disturbances due to the structure of 
20 one of the torsion springs can be offset by the structure of the other 
torsion spring. 

[0032] Where each torsion spring includes a plurality of separate planar 
torsion bars, a cross section of each torsion spring may be symmetric with 
respect to a vertical line, or with respect to a horizontal line and a 
25 vertical line. 

[0033] Angles of the torsion springs can be rounded by isotropic etching 
such that stress concentration on the angles of the torsion springs can 
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be reduced. 

[0034] The frame member can include an inner frame member and an outer 
frame member, and the tiltable body can include an inner tiltable body and 
an outer tiltable body which is the inner frame member for supporting the 
inner tiltablebody through a pair of first torsion springs and is supported 
by the outer frame member through a pair of second torsion springs. In 
this structure, the inner tiltablebody is supported flexibly and rotatably 
about a first twisting longitudinal axis of a pair of the first torsion 
springs, the outer tiltable body is supported flexibly and rotatably about 
a second twisting longitudinal axis of apair of the second torsion springs, 
and pairs of the first and second torsion springs are disposed along the 
first and second twisting longitudinal axes opposingly with the inner and 
outer tiltable body being interposed, respectively. If necessary, more 
than two tiltable bodies can be flexibly and rotatably supported in such 
a manner (i. e. , in a so-cal led gimbals fashion) . Typically, the twisting 
longitudinal axes extend forming an angle of 90 degrees. 
[0035] The t i 1 table-body apparatus can further include a detecting unit 
for detecting a relative displacement between the frame member and the 
ti 1 table body, and the apparatus can be constructed as a mechanical -amount 
sensor. The detecting unit detects a change in an electrostatic capacity 
between the frame member and the t i 1 table body through a change in a vol tage 
therebetween, for example. 

[0036] The t i ltable-body apparatus can further include a driving unit 
for driving the tiltable body relative to the frame member, and the 
apparatus can be constructed as an actuator. The driving unit is typical ly 
composed of a stat ionary core formed of soft magnetic material, a coil wound 
on the stationary core, and a moving core bonded to the tiltablebody. The 



moving core can be formed of either a soft magnetic material or a permanent 
magnet of hard magnetic material. When the moving core is formed of soft 
magnetic material, the driving principle is as follows. Magnetic poles 
of the soft magnetic material are not determined, and the soft magnetic 
material is attracted into a magnetic flux generated by the stat ionary core, 
such that a cross-sectional area where the soft magnetic material crosses 
the magnetic flux increases. The til table body is thus driven. Upon 
cease of the magnetic flux, the soft magnetic material is released from 
the magnetic flux. 

[0037] When the moving core is formed of hard magnetic material, the 
driving principle is as follows. Magnetic poles of the hard magnetic 
material are determined, and the soft magnetic material is driven by an 
attractive force between different magnetic poles or a repulsive force 
between common magnetic poles. These two are electromagnetic actuators. 
Electrostatic forces can also be employed in an electrostatic actuator. 
[0038] The ti 1 table-body apparatus can further include a driving unit 
for driving the tiltable body relative to the frame member, and a light 
deflecting unit for deflecting a beam of light impinging on the tiltable 
body, which is provided on the tiltable body, and the apparatus is 
constructed as an optical deflector. The driving unit can be constructed 
as described above. The light deflecting unit can be a light reflective 
mirror, or a diffraction grating. When the diffraction grating is used, 
a single beam can be deflected as a plurality of light beams (diffracted 
light). 

[0039] The present invention is also directed to a scanning type display 
which includes the above-discussed optical deflector, amodulatable light 
source, and a control unit for controlling modulation of the modulatable 
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light source and operation of the tiltable body of the optical deflector 
in an interlocking manner. 

[0040] The present invention is further directed to a method of 
fabricating the above-discussed ti 1 table-body apparatus which includes 
the frame member formed of a (100) single crystal silicon substrate, the 
tiltable body formed of the (100) single crystal silicon substrate, and 
a pair of torsion springs having a twisting longitudinal axis, formed of 
the (100) single crystal silicon substrate, and including a plurality of 
planar portions defined by (100) and (111) faces of the single crystal 
silicon substrate. The method includes a step of depositing mask layers 
on both upper and lower surfaces of the (100) single crystal silicon 
substrate, respectively, a step of patterning the mask layers in accordance 
with configurations of the tiltable body and the torsion springs, and a 
step of anisotropically etching the (100) single crystal si 1 icon substrate 
using the patterned mask layers. The anisotropic etching can be performed 
using an alkaline solution. The method may further include a step of 
rounding angles of the torsion springs by isotropic etching such that 
stress concentration on the angles of the torsion springs is reduced. 
[0041] The present invention is further directed to a method of 
fabricating the above-discussed ti ltable-body apparatus which includes a 
frame member formed of a planar substrate, a tiltable body formed of the 
planar substrate, and a pair of torsion springs having a twisting 
longitudinal axis, formed of the planar substrate, and including a 
plurality of planar portions defined by faces perpendicular to the planar 
substrate and faces paral lei to the planar substrate. The method includes 
a step of depositing mask layers on both upper and lower surfaces of the 
planar substrate, respectively, a step of patterning the mask layers in 
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accordance with configurations of the ti 1 table body and the torsion springs, 
a step of performing a deep etching of the planar substrate from one surface 
of the planar substrate, and a step of performing a deep etching of the 
planar substrate from the other surface of the planar substrate. The 
5 planar substrate can be a silicon substrate. 

[0042] These advantages, as well as others will be more readily 
understood in connection with the following detailed description of the 
preferred embodiments of the invention in connection with the drawings. 

sj 10 BRIEF DESCRIPTION OF THE DRAWINGS 

y [0043] Fig. 1 is a perspective view i 1 lustrating a conventional optical 

7 deflector. 

m [0044] Fig. 2 is a perspective view illustrating the disassembled 

jy[ structure of the conventional optical deflector. 

S 15 [0045] Fig. 3 is a cross-sectional view of the conventional optical 

lv deflector taken along the line 2003 of Fig. 1. 

[0046] Fig. 4 is a cross-sectional view of a portion of a torsion bar 
in the conventional optical deflector taken along the line 2006 of Fig. 
1. 

20 [0047] Fig. 5 is a plan view illustrating a conventional gimbal for a 
hard disc. 

[0048] Fig. 6 is a cross-sectional view illustrating the conventional 
gimbal for a hard disc taken along the line 2106 of Fig. 5. 
[0049] Figs. 7A to 7E are cross-sectional views illustrating a method 
25 of fabricating the conventional gimbal for a hard disc. 

[0050] Fig. 8 is a perspective view i 1 lustrating a convent ional T-shaped 
torsion bar. 
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[0051] Fig. 9 is a cross-sectional view illustrating the conventional 
T-shaped torsion bar. 

[0052] Fig. 10 is a perspective view illustrating an optical deflector 
of a first embodiment according to the present invention. 
[0053] Fig. 11A is a perspective view illustrating the disassembled 
structure of the first embodiment. 

[0054] Fig. 11B is a cross-sectional view illustrating a torsion spring 

of the first embodiment taken along the line 190 of Fig. 11A. 

[0055] Fig. 12 is a cross-sectional view illustrating the first 

embodiment and other embodiments taken along the line 109 of Fig. 11A. 

[0056] Fig. 13 is across-sectional view illustrating the torsion spring 

of the first embodiment taken along the line 106 of Fig. 10. 

[0057] Fig. 14 is a cross-sectional view illustrating an anisotropic 

etching of a silicon substrate. 

[0058] Figs. 15A to 15E are cross-sectional views illustrating a method 
of processing a single crystal silicon thin plate of the first embodiment. 
[0059] Figs. 16A to 16E are cross-sectional views illustrating a method 
of processing a glass substrate of the first embodiment and other 
embodiments. 

[0060] Fig. 17A is a perspective view illustrating an optical deflector 
of a modification of the first embodiment. 

[0061] Fig. 17B is a cross-sectional view illustrating torsion springs 
of the modification of the first embodiment. 

[0062] Fig. 18 is a perspective view illustrating an optical deflector 
of a second embodiment according to the present invention. 
[0063] Fig. 19A is a perspective view illustrating the disassembled 
structure of the second embodiment. 
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[0064] Fig. 19B is a cross-sectional view illustrating a torsion spring 
of the second embodiment taken along the line 390 of Fig. 19A. 
[0065] Fig. 20 is a cross-sectional view i 1 lustrat ing the torsion spring 
of the second embodiment taken along the line 306 of Fig. 18. 
[0066] Fig. 21 is a plan view illustrating the second embodiment. 
[0067] Figs. 22A to 22G are cross-sectional views illustrating a method 
of processing a single crystal silicon thin plate of the second embodiment. 
[0068] Figs. 23A to 23C are cross-sectional views illustrating the 
torsion spring of the second embodiment. 

[0069] Fig. 24A is a perspective view il lustrating an opt ical deflector 
of a modification of the second embodiment. 

[0070] Fig. 24B is a cross-sectional view illustrating torsion springs 
of the modification of the second embodiment. 

[0071] Figs. 25A to 25E are cross-sectional views illustrating a method 
of processing a single crystal silicon thin plate of the modification of 
the second embodiment. 

[0072] Fig. 26 is a perspective view illustrating an optical deflector 
of a third embodiment according to the present invention. 
[0073] Fig. 27A is a perspective view illustrating the disassembled 
structure of the third embodiment. 

[0074] Fig. 27B is a cross-sectional view illustrating a torsion spring 

of the third embodiment taken along the line 690 of Fig. 27A. 

[0075] Fig. 28 is a cross-sect ional view i 1 lustrat ing the torsion spring 

of the third embodiment taken along the line 606 of Fig. 26. 

[0076] Figs. 29A to 29E are cross-sectional views illustrating a method 

of processing a single crystal silicon thin plate of the third embodiment. 

[0077] Fig. 30A is a perspective view i 1 lustrat ing an opt ical deflector 
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of a modification of the third embodiment. 

[0078] Fig. 30B is a cross-sectional view illustrating torsion springs 
of the modification of the third embodiment. 

[0079] Fig. 31 is a perspective view illustrating the operation of an 
optical deflector of a fourth embodiment according to the present 
invention. 

[0080] Fig. 32 is a view illustrating an optical scanning type display 

of a fifth embodiment according to the present invention. 

[0081] Fig. 33 is a perspective view i 1 lustrating an acceleration sensor 

of a sixth embodiment according to the present invention. 

[0082] Fig. 34 is a perspective view illustrating the disassembled 

structure of the sixth embodiment. 

[0083] Fig. 35 is a cross-sectional view illustrating a torsion spring 
of the sixth embodiment taken along the line 1206 of Fig. 33. 
[0084] Figs. 36A to 36F are cross-sectional views illustrating a method 
of processing a single crystal si 1 icon thin plate of the sixth embodiment. 
[0085] Figs. 37A to 37E are cross-sectional views illustrating a method 
of processing a glass substrate of the sixth embodiment taken along the 
line 1209 of Fig. 34. 

[0086] Fig. 38 is a perspective view illustrating an optical deflector 
of a seventh embodiment according to the present invention. 
[0087] Fig. 39 is a plan view illustrating the seventh embodiment. 
[0088] Fig. 40 is a side view illustrating the seventh embodiment. 
[0089] Fig. 41 is a cross-sectional view illustrating a torsion spring 
of the seventh embodiment taken along the line 1306 of Fig. 38. 
[0090] Figs. 42A to 42J are cross-sectional views illustrating a method 
of processing a single crystal silicon thin plate of the seventh embodiment 
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taken along the lines 1306 and 1309 of Fig. 38. 

[0091] Figs. 43A to 43N are cross-sectional views illustrating a method 
of fabricating a stationary core and a coi 1 of the seventh embodiment taken 
along the line 1307 of Fig. 38. 

[0092] Figs. 44A and 44B are cross-sectional views illustrating cross 

sections of other examples of the torsion spring, respectively. 

[0093] Fig. 45 is a perspective view i 1 lustrating an acceleration sensor 

of an eighth embodiment according to the present invention. 

[0094] Fig. 46 is a perspective view illustrating the disassembled 

structure of the eighth embodiment. 

[0095] Fig. 47 is a cross-sectional view illustrating a torsion spring 

of the eighth embodiment taken along the line 1406 of Fig. 45. 

[0096] Figs. 48A to 48E are cross-sectional views illustrating a method 

of processing a single crystal silicon thin plate of the eighth embodiment. 

[0097] Fig. 49 is a perspective view illustrating an optical deflector 

of a ninth embodiment according to the present invention. 

[0098] Fig. 50 is a plan view illustrating the ninth embodiment. 

[0099] Fig. 51 is a side view illustrating the ninth embodiment. 

[0100] Fig. 52 is a cross-sectional view illustrating a torsion spring 

of the ninth embodiment taken along the line 1506 of Fig. 49. 

[0101] Figs. 53A to 53J are cross-sectional views illustrating a method 

of processing a single crystal silicon thin plate of the ninth embodiment 

taken along the lines 1506 and 1509 of Fig. 49. 

[0102] Fig. 54 is a perspective view of a planar torsion bar illustrating 
characteristics of the torsion spring of the present invention. 
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DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0103] A micro-optical scanner of a first embodiment according to the 
present invention will be described with reference to Fig. 10, Fig. 11A, 
Fig. 11B, Fig. 12 and Fig. 13. 
5 [0104] In the micro-optical scanner of the first embodiment, a recess 
112 is formed on a glass substrate 110. A pair of driver electrodes 114 
and 116 and a mirror support 132 of a triangular prism are arranged on the 
bottom of the recess 112. The mirror support 132 can be omitted. In a 
13 single crystal silicon thin plate 120, two sets of torsion springs 128 and 

\i 10 129 and a planar mirror 130 are integrally formed by bulk micromachining 

S •> K 

y techniques. Each of the torsion springs 128 and 129 has a cross section 
J of symmetrical V-shape, as illustrated in Fig. 13. This shape is a 

p heptagonal shape with an internal angle of 289.4 degrees, and has two 

jj ; portions slant to a plane of the mirror 130. 

JS 15 [0105] The mirror 130 has a flat surface coated with a highly-reflective 
material, and is supported by the V-shaped torsion springs 128 and 129 such 
that the mirror 130 can be freely tilted about the twisting longitudinal 
axis of these springs 128 and 129. The silicon plate 120 is disposed 
opposingly to the glass substrate 110 such that a predetermined distance 

20 can be set between the mirror 130 and the driver electrodes 114 and 116, 
as illustrated in Fig. 12. A bottom potion of the mirror 130 along the 
longitudinal axis of the torsion springs 128 and 129 is in contact with 
an apex portion of the mirror support 132, as illustrated in Fig. 12. The 
mirror 130 can hence be tilted about the longitudinal axis along that apex 

25 portion. 

[0106] The single crystal silicon thin plate 120 is electrically 
grounded. Accordingly, the mirror 130 can be tilted about the twisting 
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longitudinal axis when an electrostatic force is applied to the mirror 130 
by alternately applying voltages to the driver electrodes 114 and 116. A 
magnetic force and the like can also be employed as the driving force. In 
such a case, the driver electrode is replaced by an electromagnet, and a 
5 magnet of hard magnetic material is fixed to the bottom of the mirror 130, 
for example. 

[0107] A fabrication method of the optical scanner will be described 
with reference to Figs. 15A to 15E and Figs. 16A to 16E. Figs. 15A to 15E 
are cross-sectional views taken along the line 106 of Fig. 10, and Figs. 

few* 

O 10 16A to 16E are cross-sectional views taken along the line 109 of Fig. 11A. 

Sr. 

W [0108] The silicon plate 120 is processed in the following manner, as 

w 

Q illustrated in Figs. 15A to 15E. 

so 

* [0109] Mask layers 150 are formed on both surfaces of the silicon plate 

if*?; 

|y 120, respectively. The mask layer 150 is formed of Si0 2 , silicon nitride 

y 15 deposited by a low-pressure chemical vapor phase epitaxy, or the like. A 
fy (100) substrate is used as the silicon plate 120. Patterning of the mask 

layers 150 is performed by photo 1 ithography, as illustrated in Fig. 15A. 
An opening having a width W a is formed on an upper surface of the substrate 
120, and two openings each having a width W b are formed on a lower surface 
20 of the substrate 120. A stripe portion of the mask layer 150 between the 
two openings having the width W b extends along a central longitudinal line 
of the opening having the width W a . The width W a is approximately set to 
the width of an uppermost opening of each of the V-shaped torsion springs 
128 and 129, and the width of the stripe portion of the mask layer 150 
25 between the two openings having the width W b is approximately set to the 
width of a lowermost portion of each of the V-shaped torsion springs 128 
and 129. 
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[0110] Etching is then performed from both surfaces of the single 
crystal silicon thin plate 120 by using an anisotropic etching alkaline 
solution, such as KOH. The anisotropic etching of the silicon proceeds 
fast on its (100) face, while slowly on its (111) face. Therefore, the 
etching initially proceeds such that an etched opening becomes narrower, 
as illustrated in Figs. 15B and 15C. Here, side surfaces of etched 
portions are smooth (111) faces. 

[0111] As illustrated in Fig. 15D, the etching in the openings having 
the width W b advances until the substrate 120 having a thickness t is 
penetrated, while the etching in the opening having the width W a stops 
before the substrate 120 is penetrated and lowermost portions of the 
V-shaped torsion springs 128 and 129 are formed. Since an angle between 
the (111) face and the (100) face is 54.7 degrees as illustrated in Fig. 
14, the relationship between a width w and a depth d of a V-shaped groove 
satisfies d=(w/2) tan54. 7 ° . Accordingly, in this embodiment, 
relationships of W a <2t/tan54. 7° and W b >2t/tan54. 7° are established such 
that the V-shaped torsion springs 128 and 129 can be formed as discussed 
above. Here, t is the thickness of the silicon thin plate 120. 
[0112] As described above, in the etching from the above surface, all 
the faces reach (111) faces before the substrate 120 is penetrated, and 
the etching stops such that the V-shaped groove is formed. In the etching 
from the bottom surface, the etching proceeds until the substrate 120 is 
penetrated, and stops at the mask layer 150. 

[0113] At this stage, the mask layer 150 on the lower surface is 
patterned such that other etched penetrat ing portions can be formed around 
the mirror 130. The V-shaped torsion springs 128 and 129 are hard to break 
since the (111) face is smoothly formed with high precision. Further, 
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faces 128a and 129a (see Fig. 11A) in the V-shaped grooves at root portions 
of the torsion springs 128 and 129 formed by the anisotropic etching are 
also (111) slant faces, as illustrated in Fig. 11B. Hence, stress 
concentration thereto can be reduced, leading to increases in reliability 
of the torsion spring and a light deflection angle of the mirror 130. 
[0114] After the above-discussed anisotropic etching, an isotropic 
etching using a gas or acid may be performed to round sharp wedge portions 
of the V-shaped grooves and angle portions of the torsion springs 128 and 
129. The stress concentration thereto can also be moderated by this 
isotropic etching. 

[0115] The mask layer 150 is then removed, as illustrated in Fig. 15E. 
And finally, the mirror 130 is cleaned, and a light reflective layer is 
formed on its surface. 

[0116] The glass substrate 110 is processed in the following manner, 
as illustrated in Figs. 16A to 16E. 

[0117] Mask layers 151 are formed on both surfaces of the glass substrate 
151, respectively, as illustrated in Fig. 16A. The mask layer 150 is 
formed of a resist, or the like. 

[0118] The mask layer 151 is patterned as illustrated in Fig. 16B. The 
patterning is conducted such that the mirror support 132 having a shape 
of the triangular prism and the recess 112 can be formed by etching. The 
etching is performed to form the recess 112 with a depth of 25jum, as 
illustrated in Fig. 16C. The mirror support 132 is simultaneously formed. 
[0119] The mask layers 151 are then removed to form the driver electrodes 
114 and 116 on the bottom of the recess 112, as illustrated in Fig. 16D. 
[0120] The silicon plate 120 and the glass substrate 110 are bonded as 
illustrated in Fig. 16E to construct the micro-optical scanner shown in 
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Fig. 10. 

[0121] As described in the foregoing, in accord with the fabrication 
method of this embodiment, the V-shaped torsion springs 128 and 129 can 
be fabricated by performing the anisotropic etching only once. The 
5 V-shaped torsion springs 128 and 129 of this embodiment illustrated in Fig. 
13 can be readily twisted, but is hard to bend, similar to the conventional 
T-shaped torsion bar. Further, the cross section of the torsion springs 
128 and 129 has two crossing portions slant to the flat plane of thetiltable 
£ body (the mirror 130), so that the torsion spring is hard to bend in 
^ 10 directions perpendicular to and parallel to the flat plane of the ti ltable 
fi body. Furthermore, in accord with this embodiment, since the torsion 
spring is formed of single crystal silicon, the micro-structure with a 
^ larger mechanical Q-value than that of poly-silicon can be achieved. 

ft 1 [0122] Further, in this embodiment having the torsion springs of single 

m 15 crystal material, the micro-optical scanner is hard to break, and has a 
HI large vibratory amplitude at the time of its resonance driving, and a high 

energy efficiency. The micro-structure of this embodiment can be readily 
fabricated by the above-discussed fabrication method. 
[0123] Figs. 17A and 17B illustrate a modification of the first 
20 embodiment. In a micro-optical scanner of this modification, one torsion 
spring 228 has a V-shaped cross section defined by a surface of a silicon 
substrate 220 and (ill) faces of silicon, and the other torsion spring 229 
has a reversed- V-shaped cross section defined by these faces. Side 
surfaces of a mirror 230 with a light reflective surface and side surfaces 
25 of the frame silicon substrate 220 are exposed (111) faces of silicon, 
though these surfaces are depicted as perpendicular to the reflective 
surface inFigs. 17Aandl7B. This manner of depiction is the same inother 
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simi lar figures. 

[0124] Different from the first embodiment, cross sections of two 
torsion springs 228 and 229 in the micro-optical scanner of this 
modification differ from each other, as illustrated in Fig. 17B. This 
structure can provide a spring structure which can be readily twisted, but 
is hard to bend. Further, unnecessary modes of motion, such as bending 
vibrations, and adverse influences of external disturbances due to the 
structure of one of the torsion springs 228 and 229 can be offset by the 
structure of the other torsion spring. The driving stability can thus be 
improved. 

[0125] More specifically, the A-A' cross section of the torsion spring 
228 is symmetric with the B-B' cross section of the torsion spring 229 with 
respect to a substrate plane (i.e., a plane including the twisting 
longitudinal axis of the torsion springs 228 and 229 and parallel to the 
plane of the mirror 230) , as illustrated inFig. 17B. Further, the center 
of gravity of the mirror 230 is on the longitudinal axis of the torsion 
springs 228 and 229. Hence, the driving stabil ity can be further improved. 
[0126] The micro-optical scanner of this modification can be fabricated 
by processing a silicon substrate using the crystal lographic anisotropic 
etching, like the first embodiment. The fabrication process shown in Figs. 
15A to 15E can be employed, but the mask layers 150 for forming the other 
torsion spring 229 are turned up-side-down from the pattern of Fig. 15A. 
Thus, the V-shaped and reversed-V-shaped torsion springs 228 and 229 can 
also be readi ly fabricated by performing the anisotropic etching only once. 
[0127] In accord with this modification, there can be provided such a 
micro-optical scanner which can be readily fabricated and in which cross 
sections of two sets of torsion springs differ from each other, and adverse 



22 



influences such as external disturbances caused by driving the torsion 
springs can be offset. 

[0128] A second embodiment of a micro-optical scanner according to the 
present invention will be described with reference to Figs. 18, Fig. 19A, 
Fig. 19B, and Fig. 20. The cross-sectional view of Fig. 19A taken along 
a line 309 is the same as Fig. 12. 

[0129] Al so in the second embodiment of the micro-optical scanner, a 
recess 312 is formed on a glass substrate 310. A pair of driver electrodes 
314 and 316 and a mirror support 332 of a triangular prism are arranged 
on the bottom of the recess 312. In a silicon plate 320, torsion springs 
322 and 324 and a mirror 330 are integrally formed by bulk micromachining 
techniques. Each of the torsion springs 322 and 324 has a cross section 
of X-shape, as illustrated in Fig. 20. This shape is a dodecagonal shape 
with four internal angles of more than 180 degrees, is 180-degree 
rotationally symmetric, and has portions slant to the plane of the mirror 
330. 

[0130] The mirror 330 has a flat surface coated with a highly-reflective 
material, and is supported by the X-shaped torsion springs 322 and 324 such 
that the mirror 330 can be freely tilted about the twisting longitudinal 
axis of these springs. The silicon plate 320 is disposed opposingly to 
the glass substrate 310 such that a predetermined distance can be set 
between the mirror 330 and the driver electrodes 314 and 316. A bottom 
potion of the mirror 330 along the longitudinal axis of the torsion springs 
322 and 324 is in contact with an apex portion of the mirror support 332. 
The mirror 330 can hence be tilted about the twisting longitudinal axis 
along that apex portion. 

[0131] The single crystal silicon thin plate 320 is electrically 
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grounded. Accordingly, the mirror 330 can be tilted about the twisting 
longitudinal axis by applying thereto an electrostatic force caused by 
alternately applying voltages to the driver electrodes 314 and 316. 
[0132] A fabrication method of the optical scanner will be described 
with reference to Figs. 22A to 22G. The process illustrated in Figs. 16A 
to 16E is also used in this fabrication method. Figs. 22A to 22G are 
cross-sectional views taken along the line 306 of Fig. 18, and Figs. 16A 
to 16E are cross-sectional views taken along the line 309 of Fig. 19A. 
[0133] The silicon plate 320 is processed in the following manner, as 
illustrated in Figs. 22A to 22G. 

[0134] Mask layers 350 are formed on both surfaces of the silicon plate 
320, respectively. The mask layer 350 is formed of Si0 2 , silicon nitride 
deposited by the low-pressure chemical vapor phase epitaxy, or the like. 
A (100) substrate is used as the si 1 icon plate 320. Patterning of the mask 
layers 350 is performed by photol i thography, as illustrated in Fig. 22A. 
The mask pattern obtained by this patterning is shown in Fig. 21. In the 
mask pattern illustrated in Fig. 21, openings 391 each having a width W a 
are formed along the torsion springs 322 and 324 and the mirror 330, and 
openings 390 each having a width W g are formed along longitudinal axes of 
the torsion springs 322 and 324 each having a width W b . 
[0135] Etching is then performed from both surfaces of the single 
crystal silicon thin plate 320 by using an anisotropic etching alkaline 
solution, such as K0H. The anisotropic etching of the silicon proceeds 
fast on its (100) face, while slowly on its (111) face. Therefore, the 
etching initially proceeds such that an etched opening becomes narrower, 
as illustrated in Fig. 22B. 

[0136] In etching through the opening 390 with a width W g , all the faces 
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become (111) faces before the etched opening reaches a center of the 
substrate 320, and the etching stops such that the V-shaped groove (having 
a depth dg and a width W g as i 1 lustrated in Fig. 20) is formed. In etching 
through the openings 391 with a width W a> the etching proceeds until the 
substrate 320 is penetrated, as illustrated in Fig. 22C. 
[0137] Since the angle between the (111) face and the (100) face is 54. 7 
degrees as illustrated in Fig. 14, the relationship between the width w 
and the depth d of a V-shaped groove satisfies d=(w/2) tan54. 7 ° . 
Accordingly, relationships of W g <2t/tan54. 7 ° and W a >2t/tan54. 7 ° are 
established in this embodiment. 

[0138] After grooves from the upper and lower openings 391 meet, etching 
proceeds sideward, as illustrated in Figs. 22D and 22E. 
[0139] The etching stops when the (111) faces are reached. TheX-shaped 
torsion springs 322 and 324 are thus formed as illustrated in Fig. 22F. 
Here, the X-shaped torsion springs 322 and 324 are hard to break since the 
(111) face is smoothly formed with high precision. Further, faces 322a 
and 324a (see Fig. 19A) of the V-shaped grooves at root portions of the 
torsion springs 322 and 324 formed by the anisotropic etching are (111) 
slant faces, as illustrated in Fig. 19B. Hence, stress concentration 
thereto can be reduced, leading to increases in reliability of the torsion 
spring 322 and 324 and a light deflection angle of the mirror 330. 
[0140] After the above-discussed anisotropic etching, isotropic 
etching using a gas or acid may be performed to round sharp wedge portions 
of the V-shaped grooves and angle portions of the torsion springs 322 and 
324. The stress concentration thereto can also be moderated by this 
isotropic etching. 

[0141] The mask layer 350 is then removed as illustrated in Fig. 22G. 
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And finally, the mirror 330 is cleaned, and a light reflective layer is 
deposited on its surface. 

[0142] The glass substrate 310 is processed by the same manner as that 
of the first embodiment, as illustrated in Figs. 16A to 16E. 
[0143] As described in the foregoing, in accord with the fabrication 
method of this embodiment, the X-shaped torsion springs 322 and 324 can 
be fabricated by performing anisotropic etching only once. Each of the 
thus-fabricated torsion springs 322 and 324 with the X-shaped cross section 
as illustrated in Fig. 20 has the feature that its geometrical moment of 
inertia I is large while its polar moment of inertia J is relatively small. 
Further, since its cross sectional shape is rotationally symmetric, such 
a micro-structure can be provided, in which no vibratory forces 
perpendicular to the twisting longitudinal axis occurs at the tilting time, 
and the center of gravity of the til table body can be readily set on the 
twisting center of the torsion spring as illustrated in Fig. 23A. 
[0144] Furthermore, the cross section of each of the torsion springs 
322 and 324 has crossing portions slant to the flat plane of the tiltable 
body (the mirror 330), and is composed of a plurality of planar portions, 
as illustrated by dashed lines A, B and C in Figs. 23B and 23C, so that 
the torsion spring is hard to bend in directions perpendicular to and 
parallel with the flat plane of the tiltable body. Those torsion springs 
can be readily twisted about the twisting longitudinal axis, but are hard 
to bend in directions perpendicular to this axis, because most compliant 
directions of planar portions thereof intersect as illustrated in Fig. 23C 
and a relatively thick portion exists in every most compliant direction 
to prevent the bending in this direction. 

[0145] Also in this embodiment, since the torsion spring is formed of 
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single crystal silicon, a micro-structure with a larger mechanical Q-value 
than that of poly-silicon can be achieved. Further, in this embodiment 
having the torsion springs of single crystal material, the micro-structure 
is hard to break, can be made compact, and has a large vibration amplitude 
and a high energy efficiency at the time of its resonance driving. The 
micro-structure of this embodiment can be readily fabricated by the 
above-discussed fabrication method, 

[0146] Fig. 24A illustrates a modification of the second embodiment. 
In a micro-optical scanner of this modification, each of torsion springs 
or bars 528 and 529 has a planar cross section defined by surfaces of a 
single crystal (100) substrate 520 and (111) faces of silicon. 
[0147] Different from the second embodiment, cross sections of two 
torsion springs 528 and 529 in the micro-optical scanner of this 
modification differ from each other, as illustrated in Fig. 24B. This 
structure can provide a spring structure which can be readily twisted, but 
is hard to bend. Further, unnecessary modes of motion, such as bending 
vibrations, and adverse influences of external disturbances caused by the 
structure of one of the torsion springs 528 and 529 can be offset by the 
structure of the other. The driving stability can thus be improved. 
[0148] More specifically, the A-A' cross section of the torsion spring 
528 is symmetric with the B-B' cross section of the torsion spring 528 with 
respect to the plane of the substrate 520 (i.e. , a plane of a mirror 530, 
or more accurately a plane including the twisting longitudinal axis of the 
torsion springs 528 and 529 and parallel to the plane of the mirror 530), 
as illustrated in Fig. 24B. Further, the center of gravity of the mirror 
530 is on the longitudinal axis of the torsion springs 528 and 529. Hence, 
the driving stability can be further improved. 
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[0149] The micro-optical scanner of this modification can be fabricated 
by processing a silicon substrate using the crystal lographic anisotropic 
etching, like the second embodiment. The following fabrication process 
shown in Figs. 25A to 25E can be employed. 

[0150] Initially, mask layers 531 and 532 are formed on both surfaces 
of the (100) silicon plate 520, respectively, as illustrated in Fig. 25A. 
The mask layer 531 and 532 are formed of silicon nitride deposited by the 
low-pressure chemical vapor phase epitaxy. Patterning of the mask layers 
531 and 532 is performed by photolithography and dry etching using a CH 4 
gas, as illustrated in Fig. 25B. On both surfaces of the substrate 520, 
each of the mask layer 531 and 532 is left with a width equal to the width 
of the torsion springs 528 and 529, and these left portions of the mask 
layers are caused to shift relatively to each other, corresponding to the 
inclination of each of the torsion springs 528 and 529. 
[0151] Crystal lographic anisotropic etching is then performed from both 
surfaces of the single crystal silicon substrate 520 by using a 30% K0H 
solution heated to 100T5, as illustrated in Fig. 25C. The anisotropic 
etching of the si 1 icon proceede such that the substrate 520 is penetrated, 
as illustrated in Fig. 25D. Here, etching direct ions are as illustrated 
in Fig. 25D. 

[0152] The etching is further advanced such that the torsion springs 
528 and 529 of leaf springs with side surfaces of Si (111) faces are formed, 
as illustrated in Fig. 25E. Thus, the torsion springs 528 and 529 on 
opposite sides of the mirror 530 are simultaneously formed. The upper and 
lower patterns of the mask layers 531 and 532 for forming the torsion 
springs 528 and 529 are reversed relative to each other. 
[0153] The mask layers 531 and 532 may be removed. Further, the mirror 
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530 may be coated with a reflective layer. As described in the foregoing, 
in accord with the fabri cat ion method of this modification, the leaf-shaped 
torsion bars 528 and 529 can be fabricated by performing anisotropic 
etching only once. 

[0154] In accord with this modification, the following micro-optical 
scanner can be provided. In this scanner, each of two sets of the torsion 
springs 528 and 529 consists of a simple leaf-shaped bar, the fabrication 
process is simple, and cross sections of the two torsion bars 528 and 529 
di f f er from each other, so that the spring structure can be readi ly twisted, 
but is hard to bend. Further, adverse influences of external disturbances 
and the like caused by the structure of one of the torsion springs 528 and 
529 can be offset by the structure of the other. Moreover, the center of 
gravity of the two torsion bars 528 and 529 can be readily brought on the 
twisting longitudinal axis. Thus, the driving can be readi ly stabi 1 ized, 
no stress-concentration portions of the torsion bars 528 and 529 exist, 
and the structure is hard to break. 

[0155] Fig. 26 is a perspective view illustrating a third embodiment 
of a micro-optical scanner according to the present invention. Fig. 27A 
is a view illustrating a disassembled structure of the micro-optical 
scanner to show its internal structure. Fig. 28 is a cross-sectional view 
of Fig. 26 taken along a line 606, illustrating cross sections of a single 
crystal thin plate 620 and torsion springs 628 and 629. The 
cross-sectional view of Fig. 27A taken along a line 609 is the same as Fig. 
12. 

[0156] Also in the third embodiment of the micro-optical scanner, a 
recess 612 is formed on a glass substrate 610. A pair of driver electrodes 
614 and 616 and a mirror support 632 of a triangular prism are arranged 
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on the bottom of the recess 612. In the si 1 icon plate 620, torsion springs 
628 and 629 and a mirror 630 are integrally formed by bulk micromachining 
techniques. Each of two sets of the torsion springs 628 and 629 consists 
of a pair of leaf-shaped torsion bars 622 and 623; 624 and 625, and its 
cross section has a broken V-shape, as illustrated in Fig. 28. 
[0157] The mirror 630 has a flat surface coated with a highly-reflective 
material, and is supported by two sets of the torsion springs 628 and 629 
such that the mirror 630 can be freely tilted about the twisting 
longitudinal axis of these springs. The silicon plate 620 is disposed 
opposingly to the glass substrate 610 such that a predetermined distance 
can be set between the mirror 630 and the driver electrodes 614 and 616. 
A bottom potion of the mirror 630 along the longitudinal axis of the torsion 
springs 628 and 629 is in contact with an apex portion of the mirror support 
632. The mirror 630 can hence be tilted about the twisting longitudinal 
axis along that apex portion. 

[0158] The silicon thin plate 620 is electrically grounded. 
Accordingly, the mirror 630 can be tilted about the twisting longitudinal 
axis by applying thereto an electrostatic force caused by alternately 
applying voltages to the driver electrodes 614 and 616. 
[0159] A fabrication method of the optical scanner of the third 
embodiment will be described with reference to Figs. 29A to 29E. The 
process illustrated in Figs. 16A to 16E is also used in this fabrication 
method. Figs. 29A to 29E are cross-sectional views taken along the line 
606 of Fig. 26, and Figs. 16A to 16E are cross-sectional views taken along 
the line 609 of Fig. 27A. 

[0160] The silicon plate 620 is processed in the following manner, as 
illustrated in Figs. 29A to 29E. 
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[0161] Mask layers 650 are formed on both surfaces of the si 1 icon plate 
620, respectively. The mask layer 650 is formed of Si0 2 , silicon nitride 
deposited by the low-pressure chemical vapor phase epitaxy, or the like. 
A (100) substrate is used as the si 1 icon plate 620. Patterning of the mask 
layers 650 is performed by photolithography, as illustrated in Fig. 29A. 
The mask pattern obtained by this patterning is shown in Fig. 29A. In the 
mask pattern at portions of the torsion springs 628 and 629, a stripe-shaped 
opening having a width W a is formed on an upper surface of the substrate 
620, and two stripe-shaped openings each having a width W b are formed on 
a lower surface of the substrate 620. A pair of the stripe-shaped openings 
with a width W b are formed with a stripe-shaped mask layer in-between, and 
the stripe-shaped opening with a width W a is formed on the upper surface, 
corresponding to the above stripe-shaped mask layer on the lower surface. 
The width W a is approximately set to an uppermost spacing between the 
leaf-shaped torsion springs 622 and 623; 624 and 625, and the width of 
stripe-shaped mask layer 650 between the two openings having a width W b 
is approximately set to a lowermost spacing between the leaf -shaped torsion 
springs 622 and 623; 624 and 625. In the mask pattern on the upper surface 
of the substrate 620, openings with an appropriate width are also formed 
around the mirror 630. 

[0162] Etching is then performed from both surfaces of the single 
crystal silicon thin plate 620 by using an anisotropic etching alkaline 
solution, such as K0H. The anisotropic etching of the silicon proceeds 
fast on its (100) face, while slowly on its (ill) face. Therefore, the 
etching initially proceeds such that an etched groove becomes narrower, 
as illustrated in Figs. 29B and 29C. 

[0163] The etching proceeds until the substrate 620 is penetrated from 
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both surfaces, and stops at the mask layer 650, as illustrated in Fig. 29D. 
Since the angle between the (111) face and the (100) face of silicon is 
54. 7 degrees as illustrated inFig. 14, the relationship between the width 
w and the depth d of a V-shaped groove satisfies d=(w/2) tan54. 7° . 
Accordingly, relationships of W a , W b >2t/tan54. 7° need to be established 
to penetrate the substrate 620 in this embodiment. 
[0164] The broken-V-shaped torsion springs 628 and 629 are hard to break 
since the (111) face is smoothly formed with high precision. Further, 
faces 628a and 629a (see Fig. 27A) of the V-shaped grooves at root portions 
of the torsion springs 628 and 629 formed by the anisotropic etching are 
(111) slant faces, as illustrated in Fig. 27B which is a cross-sectional 
view of the silicon plate 620 taken along a line 690 of Fig. 27A. Hence, 
stress concentration thereto can be reduced, leading to increases in 
reliability of the torsion springs and a light deflection angle of the 
mirror. 

[0165] After the above-discussed anisotropic etching, isotropic 
etching using a gas or acid may be performed to round angle portions of 
the torsion springs. The stress concentration thereto can also be 
moderated by this isotropic etching. 

[0166] The mask layer 650 is then removed as illustrated in Fig. 29E. 
And finally, the mirror 630 is cleaned, and a light reflective layer is 
deposited on its surface. 

[0167] The glass substrate 610 is processed by the same manner as that 
of the first embodiment, as illustrated in Figs. 16A to 16E. 
[0168] As described in the foregoing, in accord with the fabrication 
method of this embodiment, the broken-V-shaped torsion springs 622 and 623; 
624 and 625 can be fabricated by performing the anisotropic etching only 
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once. 

[0169] As illustrated in Fig. 28, two planar torsion bars 622 and 623; 
624 and 625 of each of the torsion springs 628 and 629 in the optical scanner 
of this embodiment form an angle of 70. 6° therebetween. Thus, since most 
compliant directions (directions in which the flexural rigidity is lowest) 
of the planar torsion bars 622 and 623; 624 and 625 are combined in a 
non-parallel relationship, the entire structure of the torsion bars can 
have a high flexural rigidity. Further, the cross section of each of the 
torsion springs 628 and 629 has crossing portions slant to the flat plane 
of the tiltable plane body (the mirror 630), so that the torsion spring 
is hard to bend in directions perpendicular to and parallel with the flat 
plane of the tiltable body. 

[0170] In Fig. 54, least compliant direction 1610 (a direction in which 
the geometrical moment of inertia I is maximum) and most compliant 
direction 1620 (a direction in which the geometrical moment of inertia I 
is minimum) of a planar torsion bar are illustrated. 
[0171] In accord with this embodiment, since no great stress 
concentration occurs in contrast to the case of the T-shaped torsion bar, 
a micro-structure harder to break can be achieved, where the same torsion 
spring with equal torsion spring constant and equal length is considered. 
Further, in accord with this embodiment, a micro-structure capable of being 
decreased in size can be achieved compared to the case of the T-shaped 
torsion bar, where the same torsion spring with equal permissible torsional 
angle is considered. Also in this embodiment, since the torsion spring 
is formed of single crystal silicon, a micro-structure with a larger 
mechanical Q-value than that of poly-silicon can be achieved. 
[0172] Further, in this embodiment, the micro-optical scanner is hard 
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to break, can be made compact, and has a large vibratory amplitude and a 
high energy efficiency at the time of its resonance driving. The 
micro-structure of this embodiment can be readily fabricated by the 
above-discussed fabrication method of this embodiment. 
5 [0173] Fig. 30A illustrates a modification of the third embodiment. In 
a micro-optical scanner of this modification, each of two sets of torsion 
springs 728 and 729 has a planar cross section defined by surfaces of a 
silicon substrate frame 720 and (ill) faces of silicon, and each of the 
O torsion springs 728 and 729 consists of two planar bars combined in a form 

M 10 of the broken-V- shape or reversed-broken-V-shape. 

W 

W [0174] More specifically, the A-A' cross section of the torsion spring 

w 

J; 728 is symmetric with the B-B' cross section of the torsion spring 729 with 

Q respect to a substrate plane (more accurately, a plane including the 

£ %* 

U twisting longitudinal axis of the torsion springs 728 and 729 and parallel 

q 15 to the plane of the mirror 730), as illustrated in Fig. 30B. Thereby, 
unnecessary modes of motion, such as bending vibrations, and adverse 
influences of external disturbances caused by the structure of one of the 
torsion springs 728 and 729 can be offset by the structure of the other. 
The driving stability can thus be improved. 
20 [0175] The micro-optical scanner of this modification can be fabricated 
by processing a silicon substrate using the crystal lographic anisotropic 
etching, like the third embodiment. The fabrication process shown in Figs. 
29A to 29E can be employed, but the mask layers 650 for forming the other 
torsion spring 729 are turned up-side-down from the pattern of Fig. 29A 
25 in this modification. Thus, the broken-V-shaped and 

reversed-broken-V-shaped torsion springs 728 and 729 can also be readily 
fabricated by performing anisotropic etching only once. 
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[0176] Different from the third embodiment, cross sections of two 
torsion springs 728 and 729 in the micro-optical scanner of this 
modification differ from each other, as illustrated in Fig. 30B. This can 
provide a spring structure which can be readily twisted, but is hard to 
bend. Further, there is no stress-concentration portions in the torsion 
bars. The spring structure is hence hard to break. 
[0177] Fig. 31 illustrates a micro-optical scanner of a fourth 
embodiment according to the present invention. Also in this embodiment, 
torsion springs (not shown in Fig. 31) and a mirror 830 are integrally 
formed in a single crystal thin plate by bulk micromachining techniques, 
similar to the above-discussed embodiments and modifications. A moving 
core 841 of a soft magnetic material is fixed to an end of the mirror 830. 
A surface of the mirror 830 is coated with a highly-reflective material, 
and the mirror 830 is supported by the torsion springs rotatably about the 
twisting longitudinal axis. 

[0178] A stationary core 842 of a soft magnetic material is arranged 
on a glass substrate (not shown in Fig. 31), and a coil (not shown in Fig. 
31) is wound on the stationary core 842. The silicon plate is disposed 
opposingly to the glass substrate such that a predetermined distance can 
be set between parallel opposed surfaces of the moving core 841 of the 
mirror 830 and the stat ionary core 842. When the mirror 830 is t i 1 ted about 
the twisting longitudinal axis, an superimposing area (i.e., a 
cross-sectional area where the moving core 841 crosses a magnetic flux 
generated by the stationary core 842) between those parallel opposed 
surfaces is changed. A closed serial magnetic circuit is thus formed by 
the moving core 841, the stationary core 842, and spacings therebetween. 
[0179] The operation of the optical scanner of this embodiment will be 
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described. The stationary core 842 is magnetized when a current flows 
through the coil. Fig. 31 illustrates the condition under which a front 
end of the stationary core 842 is magnetized to the N pole and a rear end 
thereof is magnetized to the S pole. Here, the moving core 841 is attracted 
in a direction in which the above superimposing area of the opposed surfaces 
increases (i.e., the moving core 841 is attracted into the magnetic flux 
path generated by the stationary core 842). This direction is indicated 
by arrows in Fig. 31. The moving and stationary cores 841 and 842 are 
disposed at different levels when no current flows through the coil, such 
that the above superimposing area of the opposed surfaces can increase. 
Therefore, at this time, a rotational moment in a counterclockwise 
direction (see a circular arrow in Fig. 31) is created about the 
longitudinal axis of the torsion springs. 

[0180] The resonance of the mirror 830 about the longitudinal axis of 
the torsion springs occurs when the current flow in the coil is alternately 
turned on and off in accordance with the resonance frequency of the mirror 
830. When a beam of light is impinged on the mirror 830 under such a 
condition, the beam of light can be scanned thereby. 
[0181] Fig. 32 illustrates a scanning type display of a fifth embodiment 
according to the present invention. X-direct ional optical scanner 901 and 
Y-directional optical scanner 902 are those of the above-described or 
later-described embodiments and modifications, respectively. A 
controller 909 controls the X-direct ional and Y-directional optical 
scanners 901 and 902 such that a laser beam 910 is scanned in a raster 
fashion. The controller 909 also controls the modulation of a laser 
oscillator 905 based on information to be displayed. A picture image is 
thus displayed on a screen 907 in a two-dimensional manner. 
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[0182] A scanning type display with a definite fine image and a high 
energy efficiency can be achieved by applying thereto the optical scanner 
of the present invention. 

[0183] Fig. 33 is a perspective view illustrating a sixth embodiment 
of a acceleration sensor according to the present invention. Fig. 34 is 
a view illustrating a disassembled structure of the acceleration sensor 
to show its internal structure. Fig. 35 is a cross-sectional view of Fig. 
33 taken along a line 1206, illustrating the cross section of a single 
crystal silicon thin plate 1220. 

[0184] In the sixth embodiment of the acceleration sensor, a recess 1212 
is formed on an insulating substrate 1210. A sensing electrode 1216 is 
arranged on the bottom of the recess 1212. In the silicon plate 1220, a 
pair of torsion springs 1222 and 1224 and a movable or tiltable member 1230 
are integrally formed. Each of the torsion springs 1222 and 1224 has a 
cross section of crisscross shape, as illustrated in Fig. 35. This shape 
is a dodecagonal shape with four internal angles of 270 degrees and eight 
internal angles of 90 degrees, and is 90-degree or 180-degree rotational ly 
symmetric. Further, that cross sect ion consists of a plurality of planar 
portions, and most compliant directions of these planar portions cross at 
90 degrees. 

[0185] The movable member 1230 is supported by the crisscross-shaped 
torsion springs 1222 and 1224 such that the movable member 1230 can be 
freely tilted about the twisting longitudinal axis of these springs. The 
silicon plate 1220 is disposed opposingly to the insulating substrate 1210 
such that a predetermined distance can be set between the movable member 
1230 and the sensing electrode 1216, as illustrated in Fig. 33. Further, 
the single crystal silicon thin plate 1220 is electrically grounded. 
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[0186] In the above structure, if the silicon plate 1220 is subjected 
to an acceleration perpendicular thereto, the force of inertia acts on the 
movable member 1230 and the movable member 1230 is rotational ly deflected 
about the twisting longitudinal axis of the torsion springs 1222 and 1224. 
When the rotational deflection of the movable member 1230 occurs, the 
distance between the movable member 1230 and the sensing electrode 1216 
is changed to alter an electrostatic capacity therebetween. Therefore, 
the acceleration can be detected by detecting the electrostatic capacity 
between the movable member 1230 and the sensing electrode 1216. 
[0187] Conversely, if a voltage is applied to the sensing electrode 1216, 
an electrostatic attractive force acts between the movable member 1230 and 
the sensing electrode 1216 to rotate the movable member 1230 about the 
longitudinal axis of the torsion springs 1222 and 1224. Thus, the 
acceleration sensor of this embodiment can also be used as an electrostatic 
actuator. 

[0188] A fabrication method of the above acceleration sensor will be 
described with reference to Figs. 36A to 36F and Figs. 37A to 37E. Figs. 
36A to 36F are cross-sectional views taken along the line 1206 of Fig. 33, 
and Figs. 37A to 37E are cross-sectional views taken along the line 1209 
of Fig. 34. 

[0189] The single crystal silicon plate 1220 is processed in the 
following manner, as illustrated in Figs. 36A to 36F. 
[0190] Mask layers 1250 are formed on both surfaces of the silicon plate 
1220, respectively. The mask layer 1250 is formed of resist, or the like. 
A poly-silicon can be used as the silicon plate 1220, and its face 
orientation may be any one. Patterning of the mask layers 1250 is 
performed by photolithography techniques such that the silicon plate 1220 
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as illustrated in Fig. 34 can be formed by etching, as illustrated in Fig. 
36A. 

[0191] Etching is then perpendicularly performed to a predetermined 
depth from both surfaces of the silicon thin plate 1220 other than portions 
5 of the torsion springs 1222 and 1224, the movable member 1230, and the 
surrounding frame portion, by using a deep etching such as ICP-RIE, as 
illustrated in Fig. 36B. This depth is determined by the thickness of a 
horizontal bar portion of the crisscross-shaped torsion springs 1222 and 
I* 1224. That thickness is about twice that depth. The thickness of a 

q 10 vertical bar port ion of the crisscross-shaped torsion springs 1222 and 1224 
y is determined by the width of a central stripe portion of a mask layer 1251 

22 described below, 

w 

^ [0192] After the mask layer 1250 is removed, the new mask layer 1251 

jjjj is formed and patterned as illustrated in Fig. 36C. 

ft 15 [0193] Etching is again perpendicularly performed by using the deep 

5 etching such as ICP-RIE. The etching is initially conducted from the 
bottom surface until the previously-etched bottom surface reaches a center 
in thickness of the silicon plate 1220, as illustrated in Fig. 36D. Next, 
the etching is perpendicularly conducted from the top surface until the 
20 previously-etched bottom surface penetrates the silicon plate 1220, as 
illustrated in Fig. 36E. 

[0194] The mask layer 1251 is finally removed, as illustrated in Fig. 
36F. 

[0195] The insulating substrate 1210 is processed in the following 
25 manner, as illustrated in Figs. 37A to 37E. 

[0196] Mask layers 1252 are formed on both surfaces of the insulating 
substrate 1210, respectively, as illustrated inFig. 37A. The mask layer 
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1252 is formed of a resist, or the like. 

[0197] The mask layer 1252 is patterned as illustrated in Fig. 37B. The 
patterning is conducted such that the insulating substrate 1210 as shown 
in Fig. 34 can be formed by etching. The etching is performed to form the 
recess 1212 having a depth of 15 urn, as illustrated in Fig. 37C. 
[0198] The mask layer 1252 on the upper surface is then removed to form 
the sensing electrode 1216 on the bottom of the recess 1212, as illustrated 
in Fig. 37D. 

[0199] The silicon plate 1220 and the insulating substrate 1210 are 
bonded as illustrated in Fig. 37E to build the acceleration sensor as shown 
in Fig. 33. 

[0200] The thus-fabricated torsion spring with the crisscross cross 
section as illustrated in Fig. 35 has the feature that its geometrical 
moment of inertia I is large while its polar moment of inertia J is 
relatively small. Further, in contrast to the torsion bar having the 
T-shaped cross section, since the cross-sectional shape of the torsion 
spring of this embodiment is rotational ly symmetric, such a 
micro-structure, in which no vibratory forces perpendicular to the 
twisting longitudinal axis occurs at the tilting time, can be provided. 
[0201] Furthermore, in accord with this embodiment, since the torsion 
spring is formed of single crystal silicon, a micro-structure with a larger 
mechanical Q-value than that of poly-silicon can be achieved. Further, 
since the movable member is hard to vibrate perpendicularly to the twisting 
longitudinal axis at the tilting time, a mechanical -amount sensor with less 
noises, higher mechanical Q-value and higher sensitivity can be provided. 
[0202] Moreover, in accord with this embodiment, since the movable 
member is hard to vibrate perpendicularly to the twisting longitudinal axis 
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at the tilting time, a highly-precise micro-actuator can be provided. 
Further, since the mechanical Q-value is high, the amplitude can be 
enlarged when the resonance driving is conducted, and a micro-actuator with 
a high energy efficiency can be provided. 

[0203] The micro-structure of this embodiment can be readi ly fabricated 
by the above-discussed fabrication method. 

[0204] Fig. 38 is a perspective view illustrating a seventh embodiment 
of a micro-optical scanner according to the present invention. Figs. 39 
and 40 are top and side views of Fig. 38, respectively. In Fig. 40, part 
of a single crystal silicon thin plate 1320 is cut away to clearly show 
the cross section of a torsion spring 1328. Fig. 41 is a cross-sectional 
view of Fig. 38 taken along a line 1306, illustrating the cross section 
of the single crystal silicon thin plate 1320. 

[0205] In the silicon plate 1320 in the seventh embodiment of the 
micro-optical scanner, a pair of torsion springs 1328 and 1329 and a mirror 
1330 are integrally formed by bulk micromachining techniques. A moving 
core 1341 of a soft magnetic material is fixed to an end of the mirror 1330. 
Each of the torsion springs 1328 and 1329 has an H-shaped cross section, 
as illustrated in Fig. 41. This shape is a dodecagonal shape with four 
internal angles of 270 degrees and eight internal angles of 90 degrees, 
and is 180-degree rotational ly symmetric. Further, that cross section 
consists of a plurality of planar port ions, and most compliant directions 
of these planar portions cross at 90 degrees. 

[0206] A surface of the mirror 1330 is coated with a highly-reflective 
material, and the mirror 1330 is supported by the torsion springs 1328 and 
1329 rotatably about the twisting longitudinal axis. 
[0207] A stationary core 1342 of a soft magnetic material is arranged 
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on a glass substrate 1340, and a coil 1345 is wound around the stationary 
core 1342. The silicon plate 1320 is bonded to the glass substrate 1340 
such that a predetermined distance can be set between parallel opposed 
surfaces of the moving core 1341 of the mirror 1330 and the stationary core 
1342. When the mirror 1330 is tilted about the twisting longitudinal axis 
of the torsion springs 1328 and 1329, a superimposing area (i.e., a 
cross-sectional area where the moving core 1341 crosses the magnetic flux 
generated by the stationary core 1342) between those parallel opposed 
surfaces is changed. A closed serial magnetic circuit is thus formed by 
the moving core 1341, the stationary core 1342, and spacings therebetween. 
[0208] The optical scanner of this embodiment is operated in the same 
manner as that described with reference to Fig. 31. 
[0209] A fabrication method of the optical scanner of this embodiment 
will be described with reference to Figs. 42A to 42J and Figs. 43A to 43N. 
Left portions of Figs. 42A to 42J are cross-sectional views taken along 
the line 1306 of Fig. 38, and right portions of Figs. 42A to 42J are 
cross-sectional views taken along the line 1309 of Fig. 38, respectively. 
Figs. 43A to 43N are cross-sectional views taken along the line 1307 of 
Fig. 38. 

[0210] The single crystal silicon plate 1320 is processed in the 

following manner, as illustrated in Figs. 42A to 42J. 

[0211] A seed electrode layer 1360 is initially deposited on a surface 

of the silicon plate 1320, as illustrated in Fig. 42A. 

[0212] A thick resist layer 1361 (formed of SU-8 produced by Micro-Chem, 

for example) is then deposited on the seed electrode layer 1360, and its 

patterning for forming the moving core 1341 is performed by 

photolithography techniques, as illustrated in Fig. 42B. 
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[0213] A layer 1362 of soft magnetic material is electroplated on the 
seed electrode layer 1360, as illustrated in Fig. 42C. 
[0214] The thick resist layer 1361 and the seed electrode layer 1360 
are removed as illustrated in Fig. 42D. The seed electrode layer 1360 
under the soft magnetic layer 1362 remains intact. 

[0215] Mask layers 1350 (formed of a resist, for example) are formed 
on both surfaces of the silicon plate 1320, and its patterning for forming 
the silicon plate 1320 as illustrated in Fig. 38 is performed by 
photolithography techniques, as illustrated in Fig. 42E. 
[0216] Etching is then perpendicularly performed to a predetermined 
depth from both surfaces of the silicon thin plate 1320 by using the deep 
etching such as ICP-RIE, as illustrated in Fig. 42F. This depth is 
determined by the thickness of a horizontal bridge portion of the H-shaped 
torsion springs 1328 and 1329. That thickness is about twice that depth. 
[0217] After the mask layer 1350 is removed, a new mask layer 1351 is 
formed and patterned as illustrated in Fig. 42G. 

[0218] Etching is again perpendicularly performed by using the deep 
etching such as ICP-RIE. The etching is conducted from the bottom surface 
until the previously-etched bottom surface reaches a center in thickness 
of the silicon plate 1320, as illustrated in Fig. 42H. 
[0219] Further, etching is perpendicularly performed by using the deep 
etching such as ICP-RIE. The etching is perpendicularly conducted from 
the top surface until the previously-etched bottom surface penetrates the 
si] icon plate 1320, as illustrated in Fig. 421. In port ions of the torsion 
springs 1328 and 1329, the etching stops at a location where the bridge 
portions of the H-shaped torsion springs 1328 and 1329 having a 
predetermined thickness remain intact. The thickness of vertical column 
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portions of the H-shaped torsion springs 1328 and 1329 is set by the width 
of a pair of stripe portions of the upper and lower mask layers 1351. This 
thickness is typically equal to the thickness of the above bridge portion. 
[0220] The mask layer 1351 is finally removed, as illustrated in Fig. 
42J. 

[0221] The glass substrate 1340 is processed in the following manner, 
as illustrated in Figs. 43A to 43G. 

[0222] A seed electrode layer 1370 is formed on a surface of the glass 
substrate 1340, as illustrated in Fig. 43A. A thick resist layer 1371 is 
deposited on the seed electrode layer 1370, and its patterning for forming 
the stationary core 1342 is performed as illustrated in Fig. 43B. 
[0223] A lower wiring layer 1372 of the coil 1345 is electroplated on 
the seed electrode layer 1370, as illustrated in Fig. 43C. The thick 
resist layer 1371 and the seed electrode layer 1370 other than a portion 
of the lower wiring layer 1372 are removed, as illustrated in Fig. 43D. 
[0224] An insulating layer 1373 is formed on the lower wiring layer 1372, 
and its patterning for forming side wiring layers 1382 and 1383 is performed 
as illustrated in Fig. 43E. 

[0225] Another seed electrode layer 1374 is formed on the insulating 
layer 1373, as illustrated in Fig. 43F. Another thick resist layer 1375 
is deposited on the seed electrode layer 1374, and its patterning is 
performed such that a soft magnetic layer 1376 of the stationary core 1342 
and the side wiring layers 1382 and 1383 can be formed, as illustrated in 
Fig. 43G. 

[0226] The soft magnetic layer 1376 and the side wiring layers 1382 and 
1383 are electroplated on a port ion of the seed electrode layer 1374 without 
the thick resist layer 1375 thereon, as illustrated in Fig. 43H. 
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[0227] The thick resist layer 1375 and the seed electrode layer 1374 
are removed, as illustrated in Fig. 431. 

[0228] Another insulating layer 1377 is formed, and its patterning for 
forming an upper wiring layer 1380 is performed, as illustrated in Fig. 
5 43J. Only portions of the insulating layer 1377 on tops of the side wiring 
layers 1382 and 1383 are removed by this patterning. 
[0229] Another seed electrode layer 1378 is formed on the insulating 
layer 1377, as illustrated in Fig. 43K. Another thick resist layer 1379 
H- is deposited on the seed electrode layer 1378, and its patterning is 

O 10 performed as illustrated in Fig. 43L. Only a portion of the insulating 

M 

W layer 1379 inside of the side wiring layers 1382 and 1383 is removed by 

Q this patterning. 

* [0230] An upper wiring layer 1380 is electroplated on the seed electrode 

ftj layer 1378, as illustrated in Fig. 43M. Finally, the thick resist layer 

y 15 1379 and the seed electrode layer 1378 are removed, as illustrated in Fig. 
U 43N. 

[0231] The single crystal silicon thin plate 1320 and the glass 
substrate 1340 are bonded to build the optical scanner as illustrated in 
Fig. 38. 

20 [0232] The thus-fabricated torsion spring 1328 with the H-shaped cross 
section as illustrated in Fig. 41 has the feature that it can be readily 
twisted, but is hard to bend. Further, since the movable member is hard 
to vibrate perpendicularly to the twisting longitudinal axis at the tilting 
time, a highly-precise optical scanner resistant to external disturbances 

25 can be provided. In addition, its mechanical Q-value is high, and its 
ampl itude and energy efficiency can be enlarged when the resonance driving 
is conducted. 
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[0233] This embodiment can also be used in a scanning type display as 
illustrated in Fig. 32. 

[0234] Figs. 44A and 44B show other examples of the torsion spring whose 
cross section is 180-degree rotational ly symmetric, which consists of a 
plurality of planar portions, and in which most compliant directions of 
these planar portions cross. Fig. 44A illustrates an N-shaped cross 
section, and Fig. 44B illustrates an angular S-shaped cross section. 
[0235] Fig. 45 is a perspective view illustrating an eighth embodiment 
of a acceleration sensor according to the present invention. Fig. 46 is 
a view illustrating a disassembled structure of the acceleration sensor 
to show its internal structure. Fig. 47 is a cross-sectional view of Fig. 
45 taken along a line 1406, illustrating the cross section of a single 
crystal silicon thin plate 1420. 

[0236] In the eighth embodiment of the acceleration sensor, a recess 
1412 is formed on an insulating substrate 1410. A sensing electrode 1416 
is arranged on the bottom of the recess 1412. In the silicon plate 1420, 
a pair of sets of torsion springs 1428 and 1429 and a movable or tiltable 
member 1430 are integrally formed. Each set of the torsion springs 1428 
and 1429 has a broken-H-shaped cross section consisting of three separate 
planar torsion bars 1421-1423 and 1424-1426, as illustrated in Fig. 47. 
Most compliant directions of these planar torsion bars 1421(1423) and 1422; 
1424(1426) and 1425 are not parallel to each other, respectively. Further, 
this broken-H-shaped cross section is symmetric with respect to horizontal 
and vertical 1 ines. 

[0237] The movable member 1430 is supported by the broken-H-shaped 
torsion springs 1428 and 1429 such that the movable member 1430 can be 
freely tilted about the longitudinal axis of these springs. The silicon 
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plate 1420 is disposed opposingly to the insulating substrate 1410 such 
that a predetermined distance can be set between the movable member 1430 
and the sensing electrode 1416, as illustrated in Fig. 45. Further, the 
single crystal silicon thin plate 1420 is electrically grounded. 
[0238] In the above structure, if the silicon plate 1420 is subjected 
to an acceleration perpendicular thereto, the force of inertia acts on the 
movable member 1430 and the movable member 1430 is rotational ly displaced 
about the longitudinal axis of the torsion springs 1428 and 1429. When 
the rotational displacement of the movable member 1430 occurs, the distance 
between the movable member 1430 and the sensing electrode 1416 is changed 
to change an electrostatic capacity therebetween. Therefore, the 
acceleration can be detected by sensing a change in the electrostatic 
capacity between the movable member 1430 and the sensing electrode 1416 
by a conventional means. 

[0239] Conversely, if a voltage is applied to the sensing electrode 1416, 
an electrostatic attractive force acts between the movable member 1430 and 
the sensing electrode 1416 to rotate the movable member 1430 about the 
longitudinal axis of the torsion springs 1428 and 1429. Thus, the 
acceleration sensor of this embodiment can also be used as an electrostatic 
actuator. 

[0240] A fabrication method of the above acceleration sensor will be 
described with reference to Figs. 48A to 48E and Figs. 37A to 37E. Figs. 
48A to 48E are cross-sectional views taken along the line 1406 of Fig. 45, 
and Figs. 37A to 37E are cross-sectional views taken along the line 1409 
of Fig. 46. 

[0241] The single crystal silicon plate 1420 (its face orientation may 
be any one) is processed in the fol lowing manner, as illustrated in Figs. 
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48A to 48E. 

[0242] Mask layers 1450 are formed on both surfaces of the si 1 icon plate 
1420, respectively. The mask layer 1450 is formed of resist, or the like. 
Patterning of the mask layers 1450 is performed by photolithography 
techniques such that the silicon plate 1420 as illustrated in Fig. 46 can 
be formed by etching, as illustrated in Fig. 48A. 

[0243] Etching is then perpendicularly performed to a predetermined 
depth from both surfaces of the silicon thin plate 1420 other than port ions 
of the H-shaped torsion springs 1428 and 1429, the movable member 1430, 
and the surrounding frame port ion, by using the deep etching such as ICP-RIE, 
as illustrated in Fig. 48B. This depth is determined by the thickness of 
horizontal torsion bars 1422 and 1425 of the H-shaped torsion springs 1428 
and 1429. That thickness is about twice that depth. The thickness of 
vertical torsion bars 1421 and 1423; 1424 and 1426 of the H-shaped torsion 
springs 1428 and 1429 is set by the width of a pair of narrower stripe 
portions on both sides of a central wider stripe portion of the mask layer 
1450. 

[0244] After the mask layer 1450 is removed, another mask layer 1451 
is formed and patterned as illustrated in Fig. 48C. The mask layer 1451 
is not formed on portions of the horizontal torsion bars 1422 and 1425 of 
the torsion springs 1428 and 1429, different from the patterning of the 
mask layer 1450. 

[0245] Etching is again perpendicularly performed by using the deep 
etching such as ICP-RIE. The etching is initially conducted from the 
bottom surface unt i 1 the previously-etched bottom surface reaches a center 
in thickness of the silicon plate 1420, as illustrated in Fig. 48C. Next, 
the etching is perpendicularly conducted from the top surface until the 
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previously-etched bottom surface penetrates the silicon plate 1420, as 
illustrated in Fig. 48D. 

[0246] The mask layer 1451 is finally removed, as illustrated in Fig. 
48E. 

[0247] The insulating substrate 1410 is processed by the same manner 
as that described in the sixth embodiment with reference to Figs. 37A to 
37E. 

[0248] As illustrated in Fig. 47, since most compliant directions 
(directions in which the flexural rigidity is lowest and which are 
indicated by arrows in Fig. 47) of the planar torsion bars 1421(1423) and 
1422; 1424(1426) and 1425 are combined in a non-paral lei relationship, the 
entire structure of the torsion bars can have a high flexural rigidity. 
[0249] In accord with this embodiment, since no great stress 
concentration occurs in contrast to the case of the T-shaped torsion bar, 
a micro-structure harder to break can be achieved where the same torsion 
spring with equal torsion spring constant and equal length is considered. 
Further, in accord with this embodiment, a micro-structure capable of being 
decreased in size can be achieved compared to the case of the T-shaped 
torsion bar, where the torsion spring with equal permissible torsional 
angle is considered. Also in this embodiment, since the torsion spring 
is formed of single crystal silicon, a micro-structure with a larger 
mechanical Q-value than that of poly-silicon can be achieved. 
[0250] Further, in contrast to the torsion bar having the T-shaped cross 
section, since the cross-sectional shape of each set of the torsion spring 
of this embodiment is symmetric with respect to horizontal and vertical 
1 ines, such a micro-structure, in which no vibratory forces perpendicular 
to the twisting longitudinal axis occurs at the tilting time, can be 
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provided. 

[0251] Furthermore, in accord with this embodiment, a micro-structure 
with higher mechanical Q-value and higher sensitivity, which is harder to 
break and capable of being decreased in size, can be achieved. Further, 
since the movable member is hard to vibrate perpendicularly to the twisting 
longitudinal axis at the tilting time, a mechanical -amount sensor with less 
noises can be provided. 

[0252] Moreover, in accord with this embodiment, a micro-actuator 
harder to break and capable of being decreased in size can be achieved. 
Since the mechanical Q-value is high, the amplitude can be enlarged when 
the resonance driving is conducted, and a micro-actuator with a high energy 
efficiency can be provided. Further, since the movable member is hard to 
vibrate perpendicularly to the twisting longitudinal axis at the tilting 
time, a highly-precise micro-actuator can be provided. 
[0253] The micro-structure of this embodiment can also be readily 
fabricated by the above-discussed fabrication method. 
[0254] Fig. 49 is a perspective view illustrating a ninth embodiment 
of a micro-optical scanner according to the present invention. Figs. 50 
and 51 are top and side views of Fig. 49, respectively. In Fig. 51, part 
of a single crystal silicon thin plate 1520 is cut away to clearly show 
the cross section of a torsion spring 1528. Fig. 52 is a cross-sectional 
view of Fig. 49 taken along a line 1506, illustrating the cross section 
of the single crystal silicon thin plate 1520. 

[0256] In the silicon plate 1520 in the ninth embodiment of the 
micro-optical scanner, a pair of sets of torsion springs 1528 and 1529 and 
a mirror 1530 are integral ly formed by bulk micromachining techniques. A 
moving core 1541 of a soft magnetic material is fixed to an end of the mirror 
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1530. Each set of the torsion springs 1528 and 1529 has an 
broken-crisscross-shaped cross section, as i 1 lustrated in Fig. 52. This 
cross section consists of three planar torsion bars 1521-1523 and 
1524-1526. 

5 [0257] A surface of the mirror 1530 is coated with a highly-reflective 
material, and the mirror 1530 is supported by the torsion springs 1528 and 
1529 rotatably about the twisting longitudinal axis. 
[0258] A stationary core 1542 of a soft magnetic material with a profile 
q as illustrated in Fig. 49 is arranged on a glass substrate 1540, and a coil 

s 

!g 10 1545 is wound around the stationary core 1542. The silicon plate 1520 is 
y bonded to the glass substrate 1540 such that a predetermined distance can 
% be set between parallel opposed surfaces of the moving core 1541 of the 
* m mirror 1530 and the stationary core 1542. When the mirror 1530 is tilted, 
^ a superimposing area (i.e. , a cross-sectional area where the moving core 
W 15 1541 crosses the magnetic flux generated by the stationary core 1542) 
W between those parallel opposed surfaces is changed. A closed serial 

magnetic circuit is thus formed by the moving core 1541, the stationary 

core 1542, and spacings therebetween. 

[0259] The operation of the optical scanner of this embodiment is 
20 performed in the same manner as that described with reference to Fig. 31. 

[0260] A fabrication method of the optical scanner of this embodiment 

will be described with reference to Figs. 53A to 53J and Figs. 43A to 43N. 

Left portions of Figs. 53A to 53J are cross-sectional views taken along 

the line 1506 of Fig. 49, and right portions of Figs. 53A to 53J are 
25 cross-sectional views taken along the line 1509 of Fig. 49, respectively. 

Figs. 43A to 43N are cross-sectional views taken along a line 1507 of Fig. 

49. 
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[0261] The single crystal silicon plate 1520 is processed in the 

following manner, as illustrated in Figs. 53A to 53J. 

[0262] A seed electrode layer 1560 is initially deposited on a surface 

of the silicon plate 1520, as illustrated in Fig. 53A. 

[0263] A thick resist layer 1561 (formed of SU-8 produced by Micro-Chem, 

for example) is then deposited on the seed electrode layer 1560, and its 

patterning for forming the moving core 1541 is performed by 

photolithography techniques, as illustrated in Fig. 53B. 

[0264] A layer 1562 of soft magnetic material is electroplated on the 

seed electrode layer 1560, as illustrated in Fig. 53C. 

[0265] The thick resist layer 1561 and the seed electrode layer 1560 

are removed as illustrated in Fig. 53D. The seed electrode layer 1560 

under the soft magnetic layer 1562 remains unremoved. 

[0266] Mask layers 1550 (formed of a resist, for example) are formed 

on both surfaces of the silicon plate 1520, and its patterning for forming 

the silicon plate 1520 as illustrated in Fig. 49 is performed by 

photolithography techniques, as illustrated in Fig. 53E. 

[0267] Etching is then perpendicularly performed to a predetermined 

depth from both surfaces of the silicon thin plate 1520 by using the deep 

etching such as ICP-RIE, as illustrated in Fig. 53F. This depth is 

determined by the thickness of horizontal torsion bars 1521 and 1523; 1524 

and 1526 of the crisscross-shaped torsion springs 1528 and 1529. That 

thickness is about twice that depth. 

[0268] After the mask layer 1550 is removed, a new mask layer 1551 is 
formed and patterned as illustrated in Fig. 53G. In this pattern of the 
mask layer 1551, the stripe mask layer 1551 on the central vertical torsion 
bar 1522 and 1525 of the crisscross-shaped torsion springs 1528 and 1529 
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is left, different from the pattern of the mask layer 1550. 
[0269] Etching is again perpendicularly performed by using the deep 
etching such as ICP-RIE. The etching is conducted from the bottom surface 
until the previously-etched bottom surface reaches a center in thickness 
5 of the silicon plate 1520, as illustrated in Fig. 53H. 

[0270] Further, etching is perpendicularly performed by using the deep 
etching such as ICP-RIE. The etching is perpendicularly conducted from 
the top surface until the previously-etched bottom surface penetrates the 
si 1 icon plate 1520, as illustrated in Fig. 531. In port ions of the torsion 
10 springs 1528 and 1529, the etching stops at a location where the horizontal 
torsion bars 1521 and 1523; 1524 and 1526 of the torsion springs 1528 and 
y 1529 are separated and left. The thickness of central vertical torsion 

% : bars 1522 and 1525 of the torsion springs 1528 and 1529 is set by the width 

p of a pair of stripe portions of the upper and lower mask layers 1551. This 

W 15 thickness is typically equal to the thickness of the horizontal torsion 
RJ bars. 

[0271] The mask layer 1551 is finally removed, as illustrated in Fig. 
53J. 

[0272] The glass substrate 1540 is processed by the same manner as that 
20 of the seventh embodiment described with reference to Figs. 43A to 43G. 
[0273] The thus-fabricated torsion spring with the crisscross-shaped 
cross section as illustrated in Fig. 52 has substantially the same 
advantages as those of the eighth embodiment. 

[0274] While the present invention has been described with respect to 
25 what is presently considered to be the preferred embodiments, it is to be 
understood that the invention is not limited to the disclosed embodiments. 
The present invention is intended to cover various modifications and 
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